A gas analytical technique with compact size, low cost, sufficient sensitivity, and excellent reproducibility is required in many fields including exhaled breath analysis for medical monitoring. In the present study, we examined selective acetone concentration by quench condensation at cryogenic temperature followed by temperature programmed desorption (cryogenic temperature programmed desorption (cryo-TPD)) for possible applications to breath analysis for medical monitoring. The essence of cryo-TPD is rough mass selection by thermal desorption followed by quantification of certain species using mass spectrometry. The performance of cryo-TPD was investigated in the acetone concentration range below 1 × 10 -6 volume fraction (1 ppmv). It was found that acetone is selectively quench-condensed on a tungsten substrate at 50 K without the major components of air, such as N2 and O2. The concentrated acetone gas was obtained by the following thermal desorption at around 151 K. Under conditions of condensation for 1 min and pressure of 1 × 10 -2 Pa, the lowest limit of detection reached well below 10 × 10 -9 volume fraction (10 ppbv). The relationship between the cetone intensity of cryo-TPD and the acetone concentration in the gas was almost linear in the ppbv range. The separation of acetone and propanal using the fragmentation pattern, which have almost the identical molecular mass, was also demonstrated in the present study.
Introduction
In exhaled breath analysis for medical monitoring, the specific gas components that act as disease markers are quantified with sufficient accuracy. The analytical accuracy required in breath analysis for clinical diagnosis is often better than 10 -6 volume fraction (ppmv); hence it is in the ultra-trace level range. 1, 2 Actually, the concentration of disease markers in exhaled breath is generally below sub ppmv levels regardless of health condition. 3 For example, it was indicated that acetone concentration in normal breath is lower than 0.76 ppmv. 4 The breath acetone concentration slowly increases in diabetes patients depending on the characteristics of the individual. 5 The variation of the acetone concentration is often below 1 ppmv. 6 Thus, the analytical accuracy of sub ppmv level is needed in utilizing acetone as a disease marker. Breath analysis for medical monitoring purposes is generally required to detect ultra-trace level changes with acceptable accuracy, which is ideally in the range of 10 -9 volume fraction (ppbv) or even better.
One of the most straightforward methods to quantify a specific component in gases is ionization of the component followed by electromagnetic mass separation. The most widely used technique that belongs to such methodology is quadrupole mass spectrometry (QMS). Although QMS is advantageous in various aspects, such as size, cost, handling, and reproducibility, both the lowest limit of detection (LOD) and the lowest limit of quantification (LOQ) are often not sufficient for exhaled breath analysis for clinical diagnosis purposes. Actually, the lowest LOD is worse than several ppbv even for the most advanced QMS among the commercially available ones. Thus, a gas concentration method is needed to practically apply QMS to clinical breath analysis. Moreover, the exhaled breath contains more than several hundred species, and consequently, the mass spectrum is very complicated. Therefore, identification and quantification of certain constituents in the breath is difficult by using merely a conventional QMS.
We have proposed selective gas concentration by quench condensation at cryogenic temperature followed by temperature programmed desorption (cryogenic temperature programmed desorption (cryo-TPD)) for possible application to ultra-trace gas analysis. 7 The technique is essentially the same with TPD or thermal desorption spectroscopy, which have been widely used in solid surface analysis. [8] [9] [10] However, to the best of our knowledge, cryo-TPD has not been seriously examined from the point of view of the selective gas concentration for (ultra-) trace gas analysis.
The quench-condensation of gases, which is often called cryofocusing, is an important technique in particular for a sample injection of gas chromatography combined with mass spectrometry (GC-MS). [11] [12] [13] [14] [15] [16] [17] [18] [19] In the typical cryofocusing-GC-MS system, the cryofocusing typically takes place at the inlet of the GC column. The sample enrichment occurs by quenchcondensation at sub-ambient temperatures. The GC peak width becomes narrower with improved resolution and the signal-tonoise ratio as a consequence of focusing the sample gas in a narrow band by the cryofocusing technique. It is noted that gas separation takes place not at the cryofocusing but at the GC column of cryofocusing-GC-MS. Some recent gas analytical techniques, such as quantum cascade lasers 20 and cavity ringdown spectroscopy (CRDS), 21 have enabled detection of ultra-trace gas components with the accuracy of sub ppb or even 10 -12 volume fraction (pptv) level. Although those LOD may be suitable for exhaled breath analyses, those are absorption spectroscopy-based techniques, and therefore, analytes are limited by the availability of probe laser light at the appropriate wavelength. However, in breath analysis for medical purposes, it is often required to simultaneously quantify several components in the breath to specify the disease. 1 Moreover, ideally speaking, those gas components should be able to be arbitrarily selected according to the monitored disease. Considering the application to medical monitoring, the apparatus should be reasonably small and low cost. Such gas analysis is still not easy even by an advanced gas analytical technique, and this is our motivation to develop cryo-TPD for selective gas concentration.
In the present study, we have investigated the selective concentration of acetone in the air, which is one of established disease markers. Briefly, diabetes mellitus is caused by a metabolic disorder resulting from the inadequacy of the effect of insulin. Consequently, the body of diabetes patients uses fat instead of glucose for energy, and this results in the increase of acetone in the blood and breath. Thus, it has been indicated that acetone can be used as a disease marker of diabetes. 4, 6, [22] [23] [24] [25] [26] In our previous study, we have preliminarily shown that cryo-TPD is useful for the selective acetone concentration in the air, where the acetone concentration was in the range of the ppmv level. 7 In the present study, we have further investigated the performance of cryo-TPD for quantitative analysis of acetone at the ppbv level. This is motivated by the possible future application of cryo-TPD to exhaled breath analysis for medical monitoring.
Experimental method and setup
Experiments were performed in an ultra-high vacuum (UHV) analysis chamber (base pressure 7 × 10 -9 Pa) configured for cryo-TPD with a standard QMS (AMETEK, Dycor). The schematic illustration of our cryo-TPD has been published elsewhere. 7 The electron multiplier option of QMS was not used in the present study. Thus, the ion current of QMS was measured by merely a conventional faraday cup. The evacuations of the analysis chamber and the QMS part were separated by an aperture with the diameter of 6 mm. The whole set of the aperture, QMS, and the differential pumping system was integrally retractable, and it was positioned closely to the substrate during the TPD measurement. This is to avoid the detection of the desorption species from other places than the substrate surface. The typical distance between the substrate surface and the aperture was below 1 mm. The ramp rate was 10 K/min in TPD.
Our cryostat for quench condensation employed a UHVcompatible Gifford McMahon (GM) type closed-cycled He refrigerator (Iwatani, HE05) together with a homemade substrate stage and a radiation shield. The lowest temperature around the substrate stage measured by a Si diode sensor (LakeShore, DT-670-SD-1.4H) was about 6 K. We estimated the actual substrate surface temperature is within 1 K from the control temperature. This is based on our separated experiments for observing superconducting transition by electrical resistance measurements on lead (Tc = 7.2 K) and niobium (Tc = 9.3 K) substrates. The temperature indicated in the present paper is the read value of the sensor.
The substrate used for the quench condensation of gases was a polycrystalline tungsten sheet of 0.1 mm thick. The tungsten substrate was electrically floated so as to enable flash heating by electron bombardment. The electrical floating was made using a sapphire plate that has a center hole with a size of 10 × 10 mm for the electron bombardment. The substrate was flash heated to more than 1300 K for the surface cleaning before each quench-condensation. The gas condensation on the tungsten sheet was made by back-filling of the gas into the analysis chamber via a variable leak valve. The mixed gas of the normal air and acetone was prepared in the gas mixing chamber connected to the analysis chamber via the variable leak valve. 8 The concentration of acetone was determined by the acetone partial pressure measured by the ionization vacuum gauge. The base pressure of the gas mixing chamber was 5 × 10 -6 Pa. The typical partial pressure of the back-filled gas was 1 × 10 -2 Pa. The measured gas pressure is corrected with a gas correction factor in the present paper.
Results and Discussion

Acetone
The lowest LOD of QMS using a Faraday cup for detecting the ionized gas component is dependent on the electrometer. 27 It is typically in the order 10 -16 A with a modern field-effect transistor electrometer. 27 Additionally, the ionization efficiency of the target gas in QMS and the electron-or photon-induced background greatly influence the lowest LOD of QMS. The former differs between gas component species, while the latter is dependent on the individual setup. We discuss below the lowest LOD of our QMS setup for the specific case of trace acetone in the air. Figure 1 shows QMS spectra obtained in UHV and the air of 1 × 10 -2 Pa mixed with acetone (30 ppmv). The spectra were measured with the dwell time of 250 ms and the step of 0.1 atomic mass unit. The QMS spectrum of acetone 30 ppmv has substantially larger peaks at m/z of 43 and 58 compared with that of UHV. The intensity ratio between m/z of 43 and 58 agrees with that in the mass spectrum database of acetone. 28 Thus, the increase of the peak intensity at m/z of 43 and 58 is due to the trace acetone in the air. Some other peaks, such as Ar, CO2, and so on, become also larger in the air-acetone mixed atmosphere, and those are attributed to the air components introduced with acetone. The peak at m/z of 44 is mainly due to CO2, and it appears even in UHV because of CO2 as a residual gas component in UHV.
In the spectrum of air-acetone, the peaks at m/z of 41 and 42 are also substantially larger than that of UHV. Judging from the database of electron ionization mass spectrum, 28 it is not attributed to acetone. It may be due to the slight contamination of the air. Actually, the peak at m/z of 48, which is not attributed to acetone, also appears in air-acetone.
Because our QMS setup has mass resolution of unity, we assume here that the signal in between the numbers of m/z above 50 reflects the background level. Then, we reach the estimation that the minimum detectable peak height is 1 × 10 -14 A. Thus, the measurement of air-acetone (30 ppmv) in Fig. 1 almost corresponds to the situation of the lowest LOD. In the measurement, the pressure at the QMS part was 2.6 × 10 -4 Pa, while the pressure at the analysis chamber was 1 × 10 -2 Pa. According to the specification of our QMS, the allowed maximum working pressure is 1 × 10 -2 Pa. Then, if we assume that the QMS signal intensity is linearly dependent on the concentration, the lowest LOD of our QMS is estimated to be about 1 ppmv. Thus, it is important to investigate the selective acetone concentration by cryo-TPD in the range below 1 ppmv. Figure 2(a) shows the TPD spectrum after the exposure to the air (1 × 10 -2 Pa) at 6 K for 10 min. The two major components in the air, which are N2 and O2, have a peak at 33 and 40 K, respectively. Thus, it is expected to selectively condense acetone without N2 and O2 by exposing at the temperature above 40 K. Such a selective quench condensation of acetone is demonstrated as shown in Fig. 2(b) , where the substrate was exposed to the air of 1 × 10 -2 Pa with 100 ppmv acetone at 50 K for 10 min. Both m/z of 43 and 58 have a peak at around 151 K, and the intensity ratio of those peaks is consistent with the fragmentation ratio reported for electron impact ionization. 28 Thus, the TPD peak at around 151 K with m/z of 43 and 58 is attributed to acetone. It is noted that the interaction between quench condensed acetone and some air components modifies the thermal desorption temperature of acetone. This interpretation is derived from the result shown in Fig. 2(b) , where the desorption temperature of acetone from the pure acetone film (130 K) is substantially lower than that from the air-acetone mixture film (151 K).
In cryo-TPD, the gas component with low concentration may be analyzed with the prolonged quench-condensation duration. Thus, it is important to investigate the relationship between the TPD peak intensity and the quench condensation duration to achieve the quantitative analysis by cryo-TPD. Figure 3 shows TPD spectra for various exposures to the air-acetone (100 ppmv) mixed atmosphere. The exposure amount is linearly dependent on the product of the pressure and the duration. Thus, the exposure amount is expressed by Pa·min in the present paper. The exposure was varied between 0.01 and 1 Pa·min. There are three distinct peaks in the TPD spectra except for 0.01 Pa·min. Among those three peaks, the peak at the highest temperature is located at the same position as H2O ( Fig. 2(b) ). Thus, this peak is attributed to the solvent effect of the water. In other words, the acetone molecule enter the hydrogen-bond network of water, and the thermal desorption of acetone is induced by the phase transition of water. 29 On the other hand, the two peaks at the lower temperature side have much larger intensities compared with that of the air component (Fig. 2(b) ). Thus, those two peaks are supposed to be free from the solvent effect. It is noted that all these three peaks shift to the higher temperature side with the larger exposure. Those peak shifts may be attributed to the nano-confinement effect of the condensed air-acetone mixtured film, which originates from the size effect of the condensed thin film and the interaction between the condensed thin film and the substrate. 29 The inset of Fig. 3 shows the TPD peak intensity of acetone as The TPD measurements were made after the exposure to the gas at 6 K for 10 min (a) and at 50 K for 10 min (b). In the exposure at 6 K, the gas was the air of 1 × 10 -2 Pa, while for exposure at 50 K, it was either the air-acetone (100 ppmv) mixed atmosphere of 1 × 10 -2 Pa or acetone of 1 × 10 -6 Pa. a function of the exposure, where the peak intensity is obtained by simply integrating the signal at m/z of 43. The length of the error bar corresponds to the background estimated from the QMS spectrum in Fig. 1, and it is comparable to the baseline deviation seen in Fig. 3 . The distribution of the TPD peak is well-fitted by the linear function, supporting the quantitative trace-acetone analysis by cryo-TPD. Thus, higher analytical accuracy of cryo-TPD is simply obtained with larger exposure. The upper limit of the exposure is determined by the allowable working pressure of QMS. Figure 4 shows the TPD spectra for m/z of 43 and 58 for various concentrations of acetone from 30 ppbv to 10 ppmv. The exposure duration was 1 min in those measurements. The spectra agree well to each other between m/z of 43 and 58. This indicates that the intensity variation in the TPD spectra is due to acetone adsorbed on the substrate surface.
There are three distinct peaks in the TPD spectra shown in Fig. 4, which are labeled as a, b , and c. Those peaks have the same origin as three peaks in Fig. 3 as follows. Both peak a and peak b rapidly grow with the acetone concentration, suggesting that those peaks are related to the interaction between the acetone molecules. On the other hand, it is noted that only peak c appears in the acetone concentration of ppbv level. Moreover, the position of the peak c is identical to that of H2O ( Fig. 2(b) ).
Thus, peak c is attributed to the acetone desorption induced by water, which is interpreted to be the solvent effect.
From the point of view of possible practical applications of cryo-TPD to trace gas analysis, the peak position should not be influenced by the water. This is because analytes are roughly mass selected by thermal desorption temperature followed by the final selection using mass spectrometer. In this sense, the removal of the water component is critical in cryo-TPD. The removal of the water component by the pre-condensation technique has been examined in our previous study. 7 Briefly, the pre-condensation for concentrating the water component followed by cryo-TPD improves the trace analytical ability.
The acetone peak intensity is plotted as a function of the acetone concentration in Fig. 4(b) , where the acetone peak intensity is obtained by the integration of the TPD peak of m/z 43 as in the same manner as the inset of Fig. 3 . The x-axis error bar expresses the accuracy of the acetone concentration in the air-acetone mixture. On the other hand, the y-axis error bar originates from the signal-to-noise ratio in the QMS spectrum. The distribution of the acetone peak intensities is well-fitted by the power-law relationship, that is [acetone peak intensity] = α + β ×[acetone concentration] γ , where α, β, and γ are 8.02 × 10 -12 , 1.56 × 10 -11 , and 1.03 in the optimized fitting. It is noted that the exponent of the power-law is about 1. Thus, the cryo-TPD peak intensity is almost linearly dependent on the concentration in the ppbv range. This shows that it is useful for quantitative analysis of ultra-trace gas components at the ppbv level by cryo-TPD.
In Fig. 4 , it seems that the lowest LOQ is at the sub ppmv level, while the lowest LOD reaches well below 10 × 10 -9 volume fraction (10 ppbv) in the condition of the condensation duration of 1 min and the pressure of 1 × 10 -2 Pa. The accuracy of the quantification can be improved by the prolonged exposure as demonstrated in Fig. 3 . The prolonged exposure reduces the error in the estimation of the TPD peak, thus the y-axis error. 7 On the other hand, more precise control of the acetone partial pressure is needed to reduce the error along the x-axis. Thus, a more accurate gas mixing technique is needed to evaluate cryo-TPD in the range below the ppbv level. The gas mixing accuracy may be improved by more efficient evacuation of the gas mixing chamber and the multiple step of the gas mixing process. Those may be our future work.
Propanal
Thermal desorption temperature of constituent species is largely dependent on their mass. 30, 31 Thus, the quench condensed constituents with largely different mass may be separated by thermal desorption temperature in cryo-TPD. On the other hand, the quench condensed constituents with close mass may be separated with the help of the fragmentation pattern of the electron ionization mass spectra. It is demonstrated for the case of acetone and propanal, both of which are included in the breath and have molecular mass close to 58 atomic mass unit (Fig. 5 ). In this measurement, the substrate was exposed to the air of 1 × 10 -2 Pa mixed with propanal (100 ppmv) at 50 K for 10 min. According to the database on mass spectra with the electron impact ionization, 28 the major fragment of propanal which appears at m/z of 29 has a comparable intensity at m/z of 58. It is noted that the intensity ratio between m/z = 29 and 58 is almost the same for three peaks in the TPD curve at 132, 151, and 164 K. This manifests that the TPD curve of m/z = 29 and 58 arises from the desorption of propanal. The intensity variation of m/z = 43 is explained by the small fragment of propanal, because propanal has a few percent fragment with m/z of 43. Fig. 4 (a) TPD spectra for m/z of 43 and 58. The spectra were measured after the exposure to the air-acetone mixed atmosphere of 1 × 10 -2 Pa at 50 K for 1 min. The concentration of acetone was varied from 30 ppbv to 10 ppmv. (b) The integrated peak intensity for m/z of 43 (filled black squares) together with the power law fitting (black curve) as a function of the acetone concentration.
Conclusions
We have developed cryo-TPD as a selective gas concentration technique in ultra-trace gas analysis. In the present study, the analytical performance of cryo-TPD was investigated for the specific case of acetone in air, where the acetone concentration was below 1 ppmv. The ultra-trace acetone was successfully concentrated without the major components in the air, such as N2 and O2, by the quench condensation at 50 K followed by thermal desorption at around 151 K. The lowest LOD reached well below 10 ppbv with the condensation duration of 1 min and the pressure of 1 × 10 -2 Pa. On the other hand, the lowest LOQ seemed to be at the sub ppmv level. We have demonstrated that the prolonged duration of the quench condensation improves both the lowest LOD and the lowest LOQ. We have also demonstrated the quantification of the trace component by cryo-TPD on the basis of the established fragmentation pattern of electron ionization mass spectra.
